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Abstract 
The objective of this paper is to discuss the feature-based inspection planning on CMM in a wider context, within a digital manufacturing 
concept. The digital manufacturing implies development of digital models of all elements of the manufacturing chain, in order to provide their 
digital verification. STEP standard as an enabler of feature-based manufacturing is presented along with its application protocols, considering 
design, planning, manufacturing and inspection of prismatic parts. The case study on the feature-based CAD/CAPP/CAM/CAI model in a 
manufacturing SME is shown to depict the position of CAI in this concept as well as its practical achievements. This is followed by the 
research recommendations for the improvement of the presented model. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Digital manufacturing is one of the core strategies of the 
European Manufuture vision, that uses a wide range of 
engineering, software and ICT tools that are mutually 
networked by a central data management to integrate new 
technologies into manufacturing processes as quickly and 
efficiently as possible [1]. In a wider context, digital 
manufacturing embraces 3D product lifecycle management 
(PLM) tools to allow for digital prototyping, adequate process 
standards, multiscale simulation, and overall factory data 
management [2]. In digital manufacturing, the digital model 
of a product is the essence of this concept that could be used 
to simulate and analyse the related production activities flow 
or to verify different production planning, machining/tool 
path, inspection and resource utilisation scenarios.  
The main characteristics of digital manufacturing could be 
summarised as follows:  
- Ambiguity of any knowledge must be eliminated, and 
knowledge must be presented in forms that can be 
processes/analysed/utilised by various IT tools and 
transformed into digital data. This is a basis for factory-wide 
knowledge integration in terms of widespread application of 
CAD/CAPP/CAM/CAI/CAx. This is an important issue for 
the bi-lateral cooperation in the chain: factory – process - 
machine.  
- Digital presentation and its multiple usage is one of the main 
issues, in terms of a synthesis of different formal 
presentations of different aspects/elements in digital 
manufacturing system.  
- Simulation and prediction of product development is of 
essential importance, since it allows analysis and evaluation 
of manufacturability, product’s performance, and other 
related characteristics. 
- All manufacturing-related activities supposed to be 
independent of distance, time and location of utilisation (i.e. 
collaboration in a networked environment). 
In order to enable integration and exchange of 
design/manufacturing numerical data, based on 
design/manufacturing features, a standard for the exchange of 
product data model (STEP) has been developed and adopted 
in industry. Also, a STEP compliant numerical control 
(STEP-NC) is developed to solve the bottleneck related to 
manufacturing data exchange [3]. However, still there is still a 
   .   i  . . This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc- d/3.0/).
Peer-review under responsibility of The International Scientifi c Committee of the 8th International Conference on Digital Enterprise 
Technology - DET 2014 – “Disruptive Innovation in Manufacturing Engineering towards the 4th Industrial Revolution”
28   Vidosav Majstorovic et al. /  Procedia CIRP  25 ( 2014 )  27 – 32 
lack of proposal for manufacturing integrated system and 
industrial validations that fully integrate the new possibilities 
of feature-based manufacturing [4]. Also, some of the future 
challenges in digital manufacturing refers to definition of 
simultaneous product and process design in terms of 
development of a standardised set of core meta-data that could 
be inherited by any relevant software tool (CAM, CAD, etc.) 
without the need for translators, and bridging the gap between 
the digital and the real world in terms of data management 
[5]. Hence, the total integration of CAD-CAPP-CAM-CAI in 
digital environment is one of the most important tasks in the 
digital manufacturing. This paper discusses the issue of 
measuring technology and inspection planning integration in 
the feature-based manufacturing, within the object-oriented 
STEP-NC-based manufacturing chain that supports a bi-
directional data exchange. 
2. Feature-based digital manufacturing and CAI 
Feature-based technology is assumed as a main factor in the 
integration effort in various engineering and manufacturing 
activities, by means of to link the engineering and 
manufacturing domain with various software i.e. CAx 
systems. Standard for Exchange of Product Model (STEP) is 
used for the implementation of feature technology, providing 
the neutral, interoperable, computer interpretable file format 
of product data, that is independent of any particular system 
and suitable for transfer, processing and communication 
between different systems. The official designation of STEP 
standard is ISO10303: Industrial automation systems and 
integration - Product data representation and exchange. To 
specify the part data representation for a specific application, 
STEP uses Application Protocols (AP). The extension of 
STEP standard is STEP-NC standard, that defines 
independent tool paths and volume removal features based on 
geometric features (constructs), and adds geometric 
dimension and tolerance data for inspection. Basically, it 
combines and interconnects STEP (ISO10303) standard with 
ISO 14649: Data model for computerised numerical 
controllers that defines the requirements for machining, to 
replace ISO 6983 G code. This is formally defined in 
Application Protocol 238 (AP238) of ISO 10303 standard [3]. 
For feature-based manufacturing of prismatic parts, the most 
important STEP-NC application protocols are: AP203 - 3D 
design and/or AP214 – automotive mechanical design; AP224 
– manufacturing feature definitions; AP240 – macro process 
planning (for machined parts); AP238 - manufacturing; and 
AP219 – inspection planning. Figure 1 presents the primary 
data flow in STEP-NC manufacturing concept based on 
design features and using STEP APs, enabling a direct 
exchange and data flow between CAD-CAPP-CAM-CNC-
CAI systems (for prismatic parts). The geometric 
representation data from AP203 / AP214 are translated into 
machining features in AP 224, which present inputs for 
AP240 for macro process planning. Finally, based on AP240 
data, micro process planning for machining (AP 238) and 
inspection (AP 219) are performed. It is important to note that 
this presents an almost ideal system from the interoperability 
point of view, since in such a system there is no need for data 
conversion. 
Most of these STEP APs are for noninspection operations, 
except AP219 that is limited mainly to inspection results 
reporting/information. AP219 does not specify the inspection 
operations and the corresponding inspection features The 
following STEP-NC APs provide standardisation of the 
information exchange in feature-based manufacturing: AP203 
and AP224 provide standardisation of information flow 
between CAD and CAPP/CAM; AP203 ed. 2 and AP219 
provide standardisation of information flow between CAD 
and CAI planning; and AP219 and AP 238 provide 
information flow standardisation between CAPP/CAM and 
CAI planning.  However, STEP-NC standards are not yet 
fully complete in terms of Geometric Dimensioning and 
Tolerancing (GD&T) definition and measurement device 
definitions [6]. Despite the major contribution of STEP-NC to 
digital manufacturing, there are still a room for improvement 
with respect to the development of comprehensive data 
models in support of fully integrated design - machining – 
inspection, especially from CAI planning aspect. 
 
 
Fig. 1. The simplified scheme of an integrated design – manufacturing - 
inspection concept enabled by STEP-NC, for prismatic machined parts. 
Beside STEP AP219, it is important to mention the other 
standards developed for the exchange of inspection process 
information and measurement results. STEP-NC part 16: Data 
for touch probing based inspection allows performing CAI in 
STEP-NC enabled manufacturing chain based on direct 
utilisation of STEP data without conversions. However, it 
doesn’t define the inspection features. Dimensional 
Measuring Interface Standard (DMIS) provides the 
bidirectional communication of inspection data between 
computer systems and inspection equipment, which is 
independent of the vendor and widely used with CMMs. It is 
29 Vidosav Majstorovic et al. /  Procedia CIRP  25 ( 2014 )  27 – 32 
intermediate format between a CAD system and a CMM’s 
native proprietary language. Dimensional Markup Language 
(DML) translates the measurement data from CMMs into a 
standardised file that is useful for further data analysis and 
reporting. I++ DME-Interface provides communications 
protocol, syntax and semantics for command and response 
across the interface, providing a low level inspection 
instructions for driving CMMs [7]. 
Several recent researches discussed the CAI planning in 
feature-based manufacturing and related interoperability 
issues. Since this paper discuss a feature-based inspection 
model for CMMs, the literature review refers mainly to CAI 
on CMMs. Ali et al. presented a STEP compliant inspection 
framework within the CAx chain [8]. STEP-NC (ISO 14649-
16), DMIS and AP219 are used as the basis for representing 
the product and manufacturing models. Laguionie et al. 
proposed an extended manufacturing integrated system for 
feature-based manufacturing with STEP-NC, which 
incorporates all phases of the manufacturing chain from the 
product design, to process planning, machining and inspection 
[4]. Kumar et al. discussed a computational platform for 
developing a machine tool process control system [7].  Zhou 
et al. proposed a STEP-enabled generic product modelling 
framework that also includes the definition of schemas for 
manufacturing and inspection, and the integration of the 
schemas with other resources, to allow for the efficient 
information exchange in the digital manufacturing 
environment [9]. Choi et al. developed a feature-based 
inspection planning system for CMMs that has two stages: 
global inspection planning where the system generates an 
optimum inspection sequence of the features in a part, and 
local inspection where each feature is decomposed into its 
geometric elements, and then the number of sampling points, 
the locations of the points and the optimum probing sequence 
are determined [10]. Brecher et al. presented the approach for 
the integration of measuring technology into the STEP-NC-
based process chain and feeding the results of the 
manufacturing operation in terms of the obtained 
measurement data, back to process planning [11]. Zhao et al. 
reviewed the development of computer aided inspection 
planning (CAIP) systems, standard and technologies, 
considering systems for Coordinate Measuring Machines 
(CMMs) and systems for On-Machine Inspection (OMI) [6]. 
Recently, Zhao et al. analysed key issues in dimensional 
metrology interoperability, and proposed a draft model which 
further developed the current STEP data model to include 
complete GD&T definitions together with related machining 
process, measurement operation, measuring equipment, and 
measurement result recording information [12]. The proposed 
model is highly related to the newly developed STEP AP 242 
for managed model-based 3-D engineering that will be 
discussed in the next sections. 
3. CAI in feature-based manufacturing concept in SME 
“IVA 28” 
This section presents a feature-based manufacturing concept 
i.e. CAD/CAPP/CAM/CAI in Serbian SME “IVA-28” that 
produces complex prismatic parts of high precision for major 
European machine tools manufacturers. The STEP-based 
production scenario could be summarised as follows [13]:  
- The product specification is received from the customer in a 
form of 3D CAD model or STEP file. In case of 3D CAD 
model, the corresponding STEP format is generated. 
- CAPP/CAM technology is prepared based on the product 
design, where first the product geometry is divided into the 
predefined features or set of features, then known features 
are imported from the features knowledge base in order to 
connect  the product geometry with the existing features 
from the knowledge base. If there are no existing features in 
the database that correspond the product geometry, new 
features are generated using pre-prepared tools and added to 
the database. 
- Then, the program post-processing is performed for 
different machine controllers included in the micro process 
planning, in order to generate the corresponding NC codes. 
The generated NC codes are stores on the server. Machines 
access the corresponding NC codes store on the server and 
perform machining operations. 
- After machining, computer aided inspection (CAI) is 
performed implying the automatic measurement on the 3D 
measuring machine using the above STEP file. 
The production concept is organised as a direct numerical 
control (DNC), where CNC machines are networked and their 
operations are controlled from the central computer. Each 
CNC has its own IP address which allows them to behave as a 
computer.  The features base is organised as a knowledge base 
that contains systemised groups of elements (forms or 
features) and corresponding solutions. It is stored on the 
server and thus available for all engineers responsible for the 
design and manufacturing.  
Figure 2 presents a feature-based CAD model of a typical 
product – a slider used for various machine tools (for x and y 
axis kinematics). The set of geometric features presents a 
functional whole. The corresponding group of machining 
operations is applied over the observed set of features, and 
this presents an independent part of a program. For each set of 
geometric features and product material, there is a predefined 
sequence of machining operations together with optimal 
cutting parameter values, corresponding tool geometry and 
material, etc. 
The observed product – a slider consists of two groups of 
features designated as Set A and Set B, which are stored in 
features knowledge based together with other features. The 
corresponding CAPP/CAM technology is generated first by 
loading the Set A and Set B from the knowledge base, and 
then connecting features from the sets to the actual product 
geometry. After the actual machining performed on CNNs, 
computer aided inspection (CAI) is conducted on CMM. The 
factory uses “DEA Global Performance” 3D coordinate 
measuring machine with touch-trigger and scanning probes 
for measuring complex parts. The usage of scanning probes 
allows for determination of shape defects of a given area, 
besides the measuring position and dimension/size. In 
particular, Renishaw motorised probe head PH10MQ is used 
to allow for five axes measuring operations. 
Based on the part model in STEP format, software PC 
DIMS 4.3 is used as the inspection processing software. The 
measuring operations/instructions developed by PC DIMS are 
transferred to the control system that specifies the movement 
of drive system of a machine or probe head. Since for a slider 
part measurement one CMM is used and the part is placed in 
only one position, the measuring process is conducted in one 
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operation. The next paragraphs describe CAI of a part of 
slider that refers to the set of features B (called Set B) 
presented at figure 2. 
 
 
Fig. 2. The product (slider) – top, and its CAD model with typical set of 
features – down. 
The Solid Work software PC DIMS 4.3 is used for the 
development of an inspection program and specification of all 
related issues. First, the position/orientation of a part in CMM 
working space is defined, as shown at the figure 3. Then, it is 
necessary to select an inspection/scanning probe. As 
presented at figure 3, in this case for a part of a slider (Set B), 
a measuring head PH10MQ and scanning probe SP25M are 
used along with scanning module SM25-3 and stylus holder 
SH25-3. This type of probe has sufficient length of stylus 
holder to allows for measuring of the part without changing 
the probe. 
The major parts of an inspection program are presented as 
follows. After the startup instructions, it is necessary to align 
the machine coordinate system with the part coordinate 
system. For this purpose, the plane “AII”, line “B” and plane 
“Z0” are defined as bases for the specification and orientation 
of x, y and z axes of a part. The definitions of these bases 
used for the alignment are shown at the figure 4. This is 
followed by the measurement of base plane flatness (for 
planes “AII” and “Z0”) and base line straightness (for line 
“B”). After the specification of a part coordinate system, the 
measurement of functional dimensions is performed. First, the 
following bases for the functional requirement measurements: 
plane “A”, line “C” and plane “BOCNI PL” are defined, as 
presented at figure 5. Then, the parallelism of the plane “AII” 
to the plane “A” is inspected, as well as the perpendicularity 
of the line B to the line C, and perpendicularity of the plane 
“BOCNI PL” to the plane “A” and line “C”. Finally, the 
functional requirements of a part are measured:  flatness of 
the plane “A”, straightness of the line “C”, and flatness of the 
plane “BOCNI PL”. 
 
 
 
 
 
Fig. 3. The part orientation on CMM – down, and the scanning probe 
selection – up. 
 
Fig. 4. Definition of bases “AII”, “B” and “Z0” for the part coordinate system 
specification. 
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Fig. 5. Definition of bases “A”, “C” and “BOCNI PL” for the part functional 
requirements measurement. 
Based on the above shown settings, the measuring program 
is run in an automatic regime to accomplish the measuring 
operation, which is followed by the generation of a measuring 
report shown at figure 6. As it could be seen from the report, 
all measuring values (column “MEAS” at figure 6) are within 
the specified tolerances. The following values of the above 
defined measuring bases have been measured:  
- flatness of the plane “AII”,  
- straightness of the line “B”,  
- flatness of the plane “Z0”,  
- flatness of the plane “A”,  
- parallelism of the plane “AII” with the plane “A”,  
- straightness of the line “C”,  
- perpendicularity of the line “B” to the line “C”,  
- flatness of the plane “BOCNI PL”, and 
- perpendicularity of the plane “BOCNI PL” to the plane “A” 
and line “C”. 
The measuring report shows that very high part accuracy 
has been achieved, e.g. flatness of 1 micrometres for the plane 
“Z0”, and of 5 micrometres for the plane “BOCNI PL”; 
straightness of 4 micrometres for the line “C”, and of 6 
micrometres for the line “B”; and perpendicularity in order of 
7 and 8 micrometres. 
The bases shown at figures 4 and 5 present typical features 
used for CAI of a family of sliders produced by “IVA-28” that 
are utilised for x and y kinematics for various machine tools. 
 
 
 
Fig. 6. Measuring report. 
4. Future research direction 
In general, SMEs usually have not the critical competences 
to develop, customise and implement integrated IT tools in 
their manufacturing systems, and they requires standards of 
interfaces [2]. Hence, for the observed SME “IVA-28”, being 
a critical part of supply chain for machine tools production, 
the total integration of CAD/CAPP/CAM/CAI is of the 
especial importance. The major shortcoming of the above 
presented CAI model in the digital manufacturing concept of 
“IVA-28” is that the degree of automation in CAI planning is 
limited. Hence, the major direction of a future research refers 
to the development of CAI model that can recognise/extract 
inspection features directly from a CAD model and sequence 
them automatically.  
In this context, it is important to consider the newly 
developed AP242 designed to improve the interoperability in 
STEP manufacturing chain. AP242 was developed by 
merging two APs for mechanical design: AP203 and AP214. 
AP242 is for managed model-based 3-D engineering, which 
provides new capabilities i.e. new manufacturing features, 
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material specifications, quality control information, and 
support for model-based GD&T. This will be of especial 
importance for CAI in STEP-based digital manufacturing. 
For manufacturers, the following benefits are enabled by 
AP242: 3D product manufacturing Information (PMI) with 
semantic representation (machine-readable, can then be 
exploited by software applications like metrology, machining 
..); 3D model based design and data sharing on service-
oriented architecture (SOA) bases, hence allowing data 
exchange in along the supply chain; long term archiving; 
engineering visualisation; domain integration (engineering 
analysis, manufacturing simulation, inspection planning, etc.). 
In this sense, one of the usage scenarios refers to design for 
inspection planning, or CMM programming based on the 
inspection features. It is expected that a new version of STEP 
AP242 (ed.2) will completely implement product data quality 
business object model, which also refers to the improvement 
of data quality inspection on CMMs. From the economic 
aspect, it will be of high importance for manufacturing SMEs 
since it supposed to lead to reduced costs because SMEs will 
be able to use lower cost software applications based on 
standard interfaces rather than the high-end / high cost 
applications used by OEMs [14]. 
From the CAPP/CAM point of view, the data model of 
STEP AP 242 for machining form feature is consistent with 
STEP AP 224 and with STEP NC. Besides, full 
implementation of AP242 should improve interoperability 
between different systems, e.g. between product data 
management (PDM) and CAD, and between PDM and ERP 
(e.g. Bill of Material export from ERP to PDM, within supply 
chain). This is highly important for SME “IVA-28” since their 
STEP-NC enabled manufacturing chain is not fully linked 
with their ERP system. Hence, the future implementation of 
AP242 would enable a real-time link between STEP-NC 
CAD-CAPP-CAM-CAI chain and ERP and MES, in order to 
establish factory-wide knowledge integration. 
5. Conclusion 
Feature-based modelling is assumed as a main contributor to 
the efficient integration of CAx technologies, including 
STEP-NC standard that allows for more effective, bi-
directional data exchange. This is of essential importance for 
full realisation of a digital manufacturing concept.  
The above example shows how CAI is integrated in the 
STEP-NC-based manufacturing chain in the observed SME, 
as follows. The CAD model is defined using AP 214, which is 
followed by features modelling using AP224. AP240, and 
AP238 and AP219, are used for macro process planning, and 
for micro process planning and machining, respectively. After 
machining, inspection on CMM is performed, providing a 
feedback for CAPP and CAM. Hence, based on feature design 
data (AP214 for automotive mechanical design, and AP224 
for manufacturing feature definitions), macro process 
planning data (AP240), and on AP219 (dimensional 
inspection) the inspection operations are planned and 
executed and the measuring report is generated, which is 
supported by the software PC DIMS 4.3. Since this concept 
does not involve the automatic extraction of inspection 
features, the next steps will include application of the newly 
developed AP242 ed.2. 
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